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The purpose of this study is to investigate the potential of airborne particulate matter (PM10 and PM2.5) and its impact on the performance of the photovoltaic (PV) system installed in the Sargodha region, being affected by the crushing activities in the hills. More than 100 stone crushers are operating in this region. Four stations within this region are selected for taking samples during the summer and winter seasons. Glass–fiber papers are used as a collection medium for particulate matter (PM) in a high-volume sampler. The concentration of PM is found above the permissible limit at all selected sites. The chemical composition, concentration, and the formation of particulate matter (PM10 and PM2.5) layers on the surface of the photovoltaic module varies significantly depending on the site’s location and time. The accumulation of PM layers on the PV module surface is one of the operating environmental factors that cause significant reduction in PV system performance. Consequently, it leads to power loss, reduction of service life, and increase in module temperature. For the PV system’s performance analysis, two PV systems are installed at the site, having higher PM concentration. One system is cleaned regularly, while the other remains dusty. The data of both PV systems are measured and compared for 4 months (2 months for the summer season and 2 months for the winter season). It is found that when the level of suspended particulate matter (PM10 and PM2.5) increases, the energy generation of the dusty PV system (compared to the cleaned one) is reduced by 7.48% in May, 7.342% in June, 10.68% in December, and 8.03% in January. Based on the obtained results, it is recommended that the negative impact of PM on the performance of the PV system should be considered carefully during the decision-making process of setting solar energy generation targets in the regions with a high level of particulate matter.
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1 INTRODUCTION
Solar energy is the most important and primary renewable energy source due to its free availability and environmental friendliness (Thapar, 2019). In the next few years, the benefits and advantages of solar energy, either directly or indirectly, will be observed by everyone globally (Bono, 2018). Solar energy technologies and applications that have been widely used include photovoltaic systems (Chaichan and Kazem, 2018), concentrated solar power stations (Xingping et al., 2019), solar water heating system (Maraj et al., 2019), solar water desalination (Chaichan and Kazem, 2015), Trombe walls (Martín-Consuegra et al., 2021), solar air heating, and space conditioning (Ojike and Okonkwo, 2019). Due to the declining cost and higher electrical efficiency of photovoltaic modules, there has been growing interest maximize the production of solar energy (Schleifer et al., 2022; Tamoor et al., 2022). Hachich et al. (2019) showed that the electrical efficiency of commercial and modern solar cells increases to 20%. Additionally, the photovoltaic modules can also be installed in a number of locations, including the building’s envelope (Middelhauve et al., 2021), plain areas, mountains, oceans, and deserts. They can also operate as standalone or hybrid with other systems (such as wind, diesel generators, and batteries) (Kazem et al., 2017; Jain and Sawle, 2021; Chen and Zhu, 2022; Nkuriyingoma et al., 2022). Among the various practical applications of renewable energy sources, the photovoltaic (PV) system has attracted attention and is widely used in the field of energy generation due to its low operation, maintenance costs, and relatively high energy conversion efficiency (Gil et al., 2020; Soomar et al., 2022). In many countries, photovoltaic conversion of solar energy has begun to make a significant contribution to energy generation, and more than 91% of the global photovoltaic market relies on crystalline silicon-based solar cells. Crystalline silicon solar cells have a current efficiency record of 26.7%, against an intrinsic limit of 29% (Andreani et al., 2019). Many developing and developed countries are planning to shift to renewable energy resources to meet the energy demands of growing populations and improve the operation of national utility grids (Tamoor et al., 2020; Tamoor et al., 2021; Miran et al., 2022; Tamoor et al., 2022; Tamoor et al., 2022; Tamoor et al., 2022). However, the performance of all types of photovoltaic modules is affected by a large number of environmental factors (air temperature, wind speed, the angle of incident irradiation, solar radiation intensity, solar radiation spectrum, air pollution, snow, aging, dirt, and shadows) (Hassan et al., 2016; Kazem et al., 2017; Chaichan and Kazem, 2018). Fouad et al. (2017) proposed that the performance of photovoltaic modules can be affected by more than 30 factors, which are mainly related to the environment, including solar irradiation, dust accumulation, PV module temperature, and shading. One of the most important factors that affect the energy conversion of photovoltaic modules in many regions is dust accumulation (Chaichan et al., 2015). Because dust particles lower and disperse the intensity of the solar irradiation impacting on the photovoltaic modules, as a result, the conversion efficiency is reduced by accumulated dust. It was observed that the rate of dust accumulation on photovoltaic modules depends on a number of factors, like local weather conditions, airborne particle concentration, type and size of particle distribution, composition, shape, and density (Javed e t al., 2017; Cui et al., 2021). Dust accumulation on the surface of any photovoltaic module will depend on the dust type, weather, surrounding environment, PV module characteristics, and installation design (Konyu et al., 2020). The efficiency and output energy of a PV module would decline as the rate of dust deposition on the module surface increases. In desert regions, dust accumulation reduces the total output energy of photovoltaic modules by an average of almost 40% within a year (Ahmed and Massier, 2019). The solar energy incident on the surface of Earth in 1 hour is nearly equal to the total consumption of Earth in 1 year (Tomin et al., 2022). When solar irradiation passes through the atmosphere, it is absorbed by solid particles and droplets in the atmosphere and reflected by water vapor and air molecules, resulting in significant loss of energy. However, solar radiation is absorbed by dust and other pollutants and scattered backward, resulting in a decrease in direct solar radiation and an increase in diffuse solar radiation. Hence, compared to clean air in non-industrial rural areas, cities and polluted areas generally receive less total solar irradiation (Darwish et al., 2018). Another important aspect that greatly affects the rate of dust deposition on the PV module is how close it is to an area where dust is most likely to be airborne (Cheema et al., 2021). The particle size distribution of dust deposited on the surface of photovoltaic modules and its chemical and physical properties have a major impact on the degradation in the performance of the photovoltaic module (Kaldellis and Kapsali, 2011). The size of deposited solid particles has a significant impact on the absorption and scattering of incident radiation on the photovoltaic module, resulting in a decrease in the efficiency of photovoltaic modules. Larger particles are more likely to resuspend with the airflow, promoting the deposition of smaller particles. Compared with large particles with the same quality and volume of the deposited dust, fine/small particles have a larger specific surface area and have a greater impact in degradation of the photovoltaic cell performance (Weber et al., 2014). The size of dust particles gathered on the surface is divided into three different ranges: small-sized particles (up to 5.0 μm in diameter) that come from large-spaced areas, medium particles (20.0 μm–40.0 μm in diameter) that contain dust deposits from regional sources, and large-sized particles (50.0 μm–70 μm) that come from automobiles, humans, and livestock. Gravity or other forces related to heat transfer and fluid flow causes solid particles or droplets to accumulate on a PV module surface (Jiang and Lu, 2015). The performance of photovoltaic modules is reduced by solid particles. This causes power losses, which reduces the system efficiency and increases temperature, which further reduces system performance and service life. The chemical composition of deposited dust, its concentration, and the creation of a dust layer on the photovoltaic surface vary greatly depending on location and time (Styszko et al., 2019). In addition, after the East Asian monsoon, PM concentrations vary seasonally due to major fluctuations in rainfall and regional circulation (Lou et al., 2019). The impact of dust deposition on the performance of PV modules is observable, but the dust composition might be different depending on the location, so the degree of reduction in the photovoltaic module efficiency may vary from location to location (Andrea et al., 2019). However, the solar panel manufacturer typically guarantees 80% of the nominal module power for up to 25 years, and the output power is highly dependent on local environmental conditions and ambient intensity. Dust deposition has no effect on the open circuit voltage of a photovoltaic module, but it has a significant impact on the short circuit current, resulting in a drop in output current and, as a result, power generation is decreased. The dust deposition represents a massive loss in energy production and an economic loss for a photovoltaic power plant (Mustafa et al., 2020). Several research studies have examined the detrimental effects of dust accumulation on the surface of photovoltaic modules. Salimi et al. (2019) investigated the impact of relative humidity and wind speed on a performance ratio called the cleanness index (CI) that compares the performance of clean photovoltaic modules to that of dirty photovoltaic modules as a result of dust precipitation. According to the study, the cleanness index was positive when measuring the effects of wind speed, and the cleanness index was negative when measuring the effects of dust concentration and relative humidity. Dust deposits on photovoltaic modules cause their performance to decrease by 8%–12% per month. Kazem and Chaichan (2016) investigated that the physical properties and characteristics of dust are crucial in stimulating the final outcome of photovoltaic modules, while Alnasser et al. (2020) highlighted that dust composition and its physical and chemical properties are the factors that determine its detrimental effect on photovoltaic module performance. Jiang, Lu, and Sun (2011) pointed out that fine dust particles caused a more significant decrease in photovoltaic performance than coarse dust particles. Small dust particles are blown far away by the wind, and their accumulation on the surface of photovoltaic modules prevents the passage of radiation and increases the scattering of light because it adheres more clearly to the surface of photovoltaic modules than larger particles (Tanesab et al., 2015). Lu and Zhao (2019) investigated that ground-mounted photovoltaic systems had higher dust accumulation rates than roof-mounted systems, especially when the station was close to traffic. Furthermore, photovoltaic modules installed at a fixed tilt angle have more dust accumulations on the surface than photovoltaic modules installed with Sun-tracking systems (whether single or dual axis). Table 1 presents a comparative analysis of this proposed research study and previous research studies on the effects of dust on photovoltaic systems. Manju et al (2018) investigated various methods of dust removal from photovoltaic modules, including dry cleaning with clothes, cleaning with water, and the use of compressed air, mechanical brushes, vibration, electrostatic electricity, and ultrasound. Zorrilla-Casanova et al. (2011) showed that utilizing water to clean photovoltaic modules is more efficient than using dry cleaning, but using this technique in water-scarce deserts is an expensive process. Chaichan et al. (2019) explained that the techniques that must be followed for cleaning photovoltaic modules depend on the primary dust constituents and their chemical properties. The location of the photovoltaic modules and the type of dust accumulation due to the topography of the area directly affect the selection of appropriate cleaning techniques. In the agricultural area, dust particles consist of organic pollen, leaves, bird droppings, and soil. In the coastal area, salt can accumulate on photovoltaic modules. In the urban area, dust particles are primarily composed of carbon that comes from automotive exhaust. Dust particles in desert regions are primarily made of minerals (sand, quartz, silica, etc.) (Middleton, 2017; Chen et al., 2020; Fan et al., 2021). The stone crushing sector supplying construction materials is crucial for both employment and the economy in developing countries. These sectors are generally labor-intensive and small-scale. Stone crushing has a significant impact on the socio-economic environment of the local population. The different processes related to the breaking, size reduction, and transferring of stones can release dust (Ganguly and Das, 2020). Stone crushers also produce dust as a by-product due to mechanical reduction and screening operations (Von Schneidemesser et al., 2020). Due to the crushing activity in the crushing zone, both the natural environment of the hills and air quality of the surrounding area are endangered. This pollutant air (airborne pollutants) also affects photovoltaic energy system performance. Taking into consideration the dust produced as a by-product in the stone crushing sector, the efficiency and output energy of a photovoltaic energy generation installed in the area near to the crushing zone would decline as the rate of dust accumulation on the PV module surface increases. In order to optimize the output energy of the PV system in stone crushing zones, a comprehensive analysis of the impact of dust accumulation is crucial. To the best of the author’s knowledge, no such research study has been conducted; hence, a comprehensive methodology is definitely needed, especially in severe environments like stone crushing zones. A research study is presented to analyze the effects of dust accumulation on the PV energy generation system in crushing zones. With the guidance of this study, commercial and residential PV system installers could more precisely plan their systems in stone crushing zones, which should ultimately result in higher output energy from PV systems. The aim of the study is to evaluate and assess air pollution (particulate matter) produced by stone crushers in the crushing zone and the impact of airborne pollutants on the performance of photovoltaic energy systems.
TABLE 1 | Comparative analysis of the proposed research study and previous research studies on the effects of dust on photovoltaic systems.
[image: Table 1]2 METHODOLOGY AND EXPERIMENTAL SETUP
2.1 Air quality monitoring
An outdoor station, consisting of a wind vane, beaker, and thermo hygrometer, was installed outside on the roof of the tall building near the crushing zone. Wind speed and direction were continuously monitored every hour to determine the wind speed and wind direction for the air quality monitoring. It has been observed and recorded that the wind was blowing from the west to the east in the Sargodha region. During the experiment, the wind direction is very important to achieve a suitable result. A higher precipitation pattern was also observed. Four sampling sites were selected for the study of PM concentration in this region. Stone crushing activities were carried out at these four sampling sites located on both sides of the Grand Trunk (GT) road as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Test station in the Sargodha crushing zone.
Experiments were conducted in two seasons: winter and summer. December and January were selected for the winter season and May and June for the summer season because the weather conditions of the crushing area change throughout the year. A three-day experiment was performed at four sampling sites, and then the average of these values was calculated to estimate the exact PM concentration. In this way, experimental values for 12 days were calculated for each season. Sampling of ambient air was performed for 24 h. For experiments, a large volume air sampler was used for air sampling. The recovery medium used in these experiments was Whatman glass microfiber filter paper. The dust concentration was calculated from the weight difference of the filter paper before and after sampling. After compiling the experimental results, all parameters were analyzed according to the National Ambient Air Quality Standard (NAAQS) methods prescribed by the Environmental Protection Agency (EPA), Pakistan.
2.2 Photovoltaic system
First, PM concentration was analyzed on all four selected sites. After PM concentration analyses, the HelioScope simulation model of the photovoltaic power generation was developed by taking different parameters under consideration, like the architectural design of the building, photovoltaic power system specifications, and the shading conditions. HelioScope is one of the finest simulation software for modeling and analyzing the PV system (Goel and Sharma, 2021). To enable energy system designers to use a single software program to create a whole PV system design, HelioScope simulation software combines all the features of PVSyst with AutoCAD design features. HelioScope makes it possible to create 3D model designs and estimate energy production (kWh) using a same simulation tool. From small to large size, and for every kind of surface, including flat or uneven surfaces, it is capable of designing photovoltaic systems. It has the benefit of being able to provide a very accurate estimate for the PV system size that would be installed at the proposed area, monthly and annual energy production (kWh), system performance ratio (PR), expected energy production (kWh/kWp), photovoltaic system losses, photovoltaic plant layout, number of PV modules and inverters, single line diagram (SLD), shading analysis, electrical wiring selection, total collector irradiation, annual global horizontal irradiation, SketchUp, and CAD integration (Tamoor et al., 2022). The comparison of HelioScope with other PV system simulation software is shown in Table 2.
TABLE 2 | Comparison of HelioScope with other PV system simulation software (Tamoor et al., 2022).
[image: Table 2]Later, two 10.20-kW grid systems are designed and installed at the site, which have higher PM concentration to analyze the effect of PM concentration on the performance of the photovoltaic energy generation system. For the photovoltaic system performance analysis, one system is cleaned on a regular basis while the other is not cleaned at all and remains dusty.
2.2.1 Photovoltaic modules
In both systems, the Jinko Solar mono crystalline (JKM510M-7TL4-V) type photovoltaic module was used. For the photovoltaic array size, the PV array design factor of 1.35 is used. A 10.20 kW the grid system consisting of 20 W × 510 W Jinko Solar PV modules has a maximum power voltage of 41.400 V and open circuit voltage of 48.940 V. The specification of 510 W mono crystalline Jinko Solar is given in Table 3. Both photovoltaic systems are installed at 18° tilt angle and at an azimuth angle of 180°. A manually movable structure with a 2 up x 5 wide frame size is used for installation and orientation of the PV modules.
TABLE 3 | Solar photovoltaic module specification.
[image: Table 3]2.2.2 Photovoltaic inverter
A Solis three phase inverter, model number Solis-3P10K-4G, is used in the installation of the test system. Table 4 shows the detailed specifications of the Solis three-phase inverter. They convert the DC power produced by photovoltaic modules into three-phase AC power at the frequency of 50.0 Hz and synchronize the output power with the utility distribution system. The Solis-3P10K-4G inverter only operates when connected to the utility AC grid and cannot be operated as a standalone mode.
TABLE 4 | Solis three-phase inverter detail specification.
[image: Table 4]2.3 Experimental process
In order to more accurately study the impact of dust accumulation on photovoltaic modules, an experimental setup is installed. The schematic diagram of the experimental process is shown in Figure 2. The experimental design process and data measurement are divided into two parts, Part-1: air quality monitoring and assessment and Part-2: PV system analysis. Air quality monitoring and assessment includes selection of sampling sites in the stone crushing zone, and air quality monitoring at all selected sites uses different apparatuses like wind vane, thermo hygrometer, high-volume air sampler, glass–fiber filter papers, and analytical balance in the summer and winter seasons. The dust concentration was calculated from the weight difference of the filter paper before and after sampling. PV system analysis includes the selection of PV system components like PV modules, inverts, and electrical wiring. After selection, the PV system is designed. HelioScope simulation software is used to perform the simulation study of the designed PV system. Finally, the effect of dust on the performance of the photovoltaic system is found.
[image: Figure 2]FIGURE 2 | Schematic diagram of the experimental process.
3 RESULTS
3.1 Air quality assessment
3.1.1 Winter season particulate matter concentration
The calculated PM concentrations on all four stations as compared to National Ambient Air Quality Standard in the winter season are shown in Figure 3. The calculated concentration at site station 1 is 520.236 μg/m3, at site station 2 is 525.76 μg/m3, at site station 3 is 316.087 μg/m3, and at site station 4 is 182.34 μg/m3. From the experimental study, it is found that the concentration of PM at site station 1, site station 2, site station 3, and site station 4, which is the residential area, is above the NAAQS values. A very high difference is observed between the experimental value and NAAQS, which leads to an adverse impact on photovoltaic power generation.
[image: Figure 3]FIGURE 3 | PM concentration in the winter season.
3.1.2 Summer season particulate matter concentration
The calculated PM concentrations on all four stations as compared to national ambient air quality standard in the summer season are shown in Figure 4. The calculated concentration at site station 1 is 416.049 μg/m3, at site station 2 is 439.177 μg/m3, at site station 3 is 228.98 μg/m3, and at site station 4 is 155.45 μg/m3. From the experimental study, it is found that the concentration of PM at site station 1, site station 2, site station 3 and site station 4, which is residential area, is above the NAAQS values. A very high difference is observed between the experimental value and NAAQS, which leads to an adverse impact on photovoltaic power generation.
[image: Figure 4]FIGURE 4 | PM concentration in the summer season.
3.2 Particulate matter concentration impact on the photovoltaic system
3.2.1 Simulation of the photovoltaic energy generation system
The simulation model of the photovoltaic power generation is developed by taking different parameters under consideration like the architectural design of the building, photovoltaic power system specifications, and the shading conditions. The physical characteristics of the photovoltaic power system (like the size of the system, azimuth and tilt angle of the system, orientation, height, and type of PV modules and inverters) are modeled in HelioScope simulation software. Photovoltaic modules and building blocks are simplified using a parameterized model that takes into account the real size and shape of the components. In the parameter setting column, detailed photovoltaic module parameters (such as PV cell pattern, tilt and azimuth angle, and distance between PV modules and rows) are imported. The weather data are based on the current weather conditions at the chosen location. Shading modeling is simulated automatically.
In the simulation, the overall energy performance is evaluated on a monthly basis by using a photovoltaic monitoring system that receives real-time data directly from the meter. The complete monthly power generation data from January 2020 to December 2020 have been extracted. The simulation results of a designed photovoltaic system showed that the annual energy generation is 15.79 MWh, the performance ratio (PR) is 88.1%, and the power generation (kWh/kWp) is 1548.2. Figure 5 shows the photovoltaic system’s monthly power production.
[image: Figure 5]FIGURE 5 | Photovoltaic system monthly power production.
Figure 5 shows that the maximum produced power is 1,708.2 kWh in May, and minimum produced power is 841.1 kWh in December. For solar energy applications, accurate and precise measurements of global horizontal irradiance (GHI) are crucial. It is necessary to use GHI to forecast the output of solar thermal collectors or photovoltaic system. Thus, understanding GHI is crucial for activities like resource assessment during photovoltaic installation planning and optimizing photovoltaic plant operation (Nouri et al., 2020; Toledo et al., 2020). The global horizontal irradiance of the site is 204.4 kWh/m2 in May and 79.7 kWh/m2 in December. The annual global horizontal irradiance is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Annual global horizontal irradiance (GHI).
Determining the irradiance incident on the plane of the array (POA) as a function of time is a crucial step in calculating photovoltaic system performance. Several factors influence the plane of the array irradiance like orientation of the PV modules, shading, Sun position, latitude, longitude, and weather conditions (Nour et al., 2019; Meyers, 2021; Blum et al., 2022). The plane of array irradiance of the site is 206.3 kWh/m2 in May and 99.7 kWh/m2 in the February. The plane of the array irradiance is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Plane of the array (POA) irradiance.
3.2.1.1 Photovoltaic system losses
Figure 8 represents major photovoltaic system losses, like temperature losses, irradiance losses, mismatch losses, soiling losses, electrical wiring losses, reflection losses, clipping losses, shading losses, inverters losses, and AC system losses. The temperature losses are 6.2%, irradiance losses are 0.4%, mismatch losses are 4.0%, soiling losses are 2.0%, electrical wiring losses are 0.3%, reflection losses are 3.2%, clipping losses are 0.0%, shading losses are 0.4%, inverter losses are 3.0% and AC system losses are 0.5%.
[image: Figure 8]FIGURE 8 | Major photovoltaic system losses.
3.2.1.2 Soiling loss impact on the photovoltaic system
The concept “soiling losses” refers to a reduction in power or yield as a result of accumulation of dust, sand, snowfall, and other falling particles on the photosensitive surface of the photovoltaic module. By concentrating on dust soiling, a thin layer of paper-sized dust particles with a diameter of less than 10 microns covers the surface of the PV module. The continuously accumulating dust increasing the soiling impact will result in reducing the energy of the photovoltaic system from daily to annual rates. Generally, dust characteristics (e.g., chemical composition and size of particle), local environment condition (e.g., humidity, temperature, wind speed, and direction), and photovoltaic module installation (e.g., irradiation level, tilt angle, and azimuth angle) influence the accumulation impact of dust (particulate matter) on the performance of the photovoltaic system. The impact of soiling losses is shown in Table 5.
TABLE 5 | Soiling loss impact on the PV system.
[image: Table 5]3.2.1.3 Temperature impact on photovoltaic system performance
The accumulation of a particulate matter layer on the photovoltaic module surface is one of the operating environmental factors that cause significant reduction in PV system performance, which further leads to power loss, reduces service life, reduces irradiance, and increases module temperature.
The normal operating temperature for photovoltaic modules is 25°C. The performance of photovoltaic modules is most significantly impacted by temperature. However, because the selected site for the PV system is in a hot climate region, the ambient temperature (Ta) of the photovoltaic modules has increased excessively. The PV module temperature is calculated as follows (Kim et al., 2021):
[image: image]
Here,
• [image: image]: PV module temperature (°C)
• [image: image]: solar irradiation on the photovoltaic module (W/m2)
• [image: image]: wind speed at a proposed site
• [image: image]: ambient temperature (°C)
• [image: image]: coefficient for photovoltaic modules upper temperature (°C) limit
• [image: image]: coefficient that determines how much temperature (°C) of photovoltaic modules decreases when speed of wind increases
By using Equation no. 1 for PV module temperature, 6.2% losses are calculated. It is found that the efficiency of the photovoltaic module decreases as the temperature of the photovoltaic module increases. In a simulation study, power is analyzed at different irradiance levels with temperature variation as shown in Table 6.
TABLE 6 | Power variation of the PV module at different temperature levels.
[image: Table 6]From Table 6, it is observed that at normal operating temperature 25°C and irradiance level 1000 W/m2, the output power of the PV module is 510.3 W, and at 50°C operating temperature and irradiance level 100 W/m2, the power output of the PV module is 43.6 W. From the simulation result, it is found that dust accumulation has a significant impact on the performance of the PV system because it increases module temperature and reduces the amount of irradiance that reaches the surface of the modules.
3.2.2 Power generation comparison of installed photovoltaic systems
3.2.2.1 Comparison of cleaned photovoltaic systems
To examine the power production and efficiency of both cleaned 10.20-kW PV systems installed near the stone crushing zone, readings of power production from both PV systems are taken for 10 days in April. The power production from both photovoltaic systems is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Comparison of cleaned PV systems.
Figure 9 shows that the maximum power produced by the installed photovoltaic system 1 and system 2 in 1 day is 7,463 and 7491 kWh, respectively. The power produced by both systems is almost the same because PV systems having same specification are installed near the crushing zone. The photovoltaic systems produced lower power due to bad weather condition, i.e., it rained at day 9.
3.2.2.2 Comparison of cleaned and dusty photovoltaic systems
For the photovoltaic system performance analysis, one system is cleaned on a regular basis, while the other is not cleaned at all and remains dusty. The experimental setup of the installed clean and dusty photovoltaic energy generation systems is shown in Figure 10.
[image: Figure 10]FIGURE 10 | Installed PV systems.
The average data of both systems are calculated and compared for 4 months (2 months for the summer season and 2 month for the winter season). In the summer season, the comparison between both systems is performed in May and June, and in the winter season, the comparison between both systems is performed in January and December. Table 7 shows the parameters of both photovoltaic systems for May.
TABLE 7 | Parameters of the photovoltaic systems for May.
[image: Table 7]Table 7 shows that for May, the average power produced by the cleaned PV system is 7451.85 W and the average power produced by the dusty PV system is 6893.8 W. So, 7.48% power is reduced due to PM concentration on the surface of the photovoltaic modules. The I–V curve of cleaned and dusty PV systems to compare system performance in May is shown in Figure 11.
[image: Figure 11]FIGURE 11 | I–V curve of cleaned and dusty PV systems to compare system performance in May.
Table 8 shows that for June, the average power produced by the cleaned PV system is 7430.91 W and the average power produced by the dusty PV system is 6885.3 W. So, 7.342% power is reduced due to PM concentration on the surface of the photovoltaic modules. The I–V curve of cleaned and dusty PV systems to compare system performance in June is shown in Figure 12.
TABLE 8 | Parameters of the photovoltaic systems for June.
[image: Table 8][image: Figure 12]FIGURE 12 | I–V curve of cleaned and dusty PV systems to compare system performance in June.
Table 9 shows that for December, the average power produced by the cleaned PV system is 6892.06 W and the average power produced by the dusty PV system is 6155.6 W. So, 10.68% power is reduced due to PM concentration on the surface of the photovoltaic modules. The I–V curve of cleaned and dusty PV systems to compare system performance in December is shown in Figure 13.
TABLE 9 | Parameters of the photovoltaic systems for December.
[image: Table 9][image: Figure 13]FIGURE 13 | I–V curve of cleaned and dusty PV systems to compare system performance in December.
Table 10 shows that for January, the average power produced by the cleaned PV system is 6892.06 W and the average power produced by the dusty PV system is 6155.6 W. So, 8.03% power is reduced due to PM concentration on the surface of the photovoltaic modules. The I–V curve of cleaned and dusty PV systems to compare system performance in January is shown in Figure 14.
TABLE 10 | Parameters of the photovoltaic systems for the January.
[image: Table 10][image: Figure 14]FIGURE 14 | I–V curve of cleaned and dusty PV systems to compare system performance in January.
4 DISCUSSION
This study investigates the effects of particulate matter (PM2.5 and PM10) on the photovoltaic energy generation system by analyzing actual energy data from two PV systems installed near the Sargodha stone crushing zone in the winter and summer seasons. The methodologies used in this research are the air quality assessment at four selected sites, designing and simulation study of the PV system, analyzing actual energy data and system losses of two PV systems installed near the stone crushing zone, and other meteorological parameters (like GHI and POA) that are different from those in previous assessments, which typically focus on PM influences on solar irradiance and simulated photovoltaic energy output (Peters et al., 2018; Son et al., 2020).
Air quality experiments were conducted in two seasons: winter and summer. December and January were selected for the winter season and May and June for the summer season because the weather conditions of the crushing area change throughout the year. A three-day experiment was performed at four sampling sites, and then the average of these values was calculated to estimate the exact PM concentration. In this way, experimental values for 12 days were calculated for each season. After compiling the experimental results, all parameters were analyzed according to the National Ambient Air Quality Standard (NAAQS) standard methods prescribed by the Environmental Protection Agency (EPA), Pakistan. In the winter season, the calculated PM concentration at site station 1 is 520.236 μg/m3, at site station 2 is 525.76 μg/m3, at site station 3 is 316.087 μg/m3, and at site station 4 is 182.34 μg/m3. In the summer season, the calculated PM concentration at site station 1 is 416.049 μg/m3, at site station 2 is 439.177 μg/m3, at site station 3 is 228.98 μg/m3, and at site station 4 is 155.45 μg/m3. From the experimental study, it is found that the concentration of PM at site station 1, site station 2, site station 3, and site station 4, which is residential area, is above the NAAQS values. A very high difference is observed between the experimental value and NAAQS, which leads to an adverse impact on photovoltaic power generation.
The simulation model of the photovoltaic power generation is developed by taking different parameters under consideration. The simulation results of a designed photovoltaic system showed that the annual energy generation is 15.79 MWh and the performance ratio (PR) is 88.1%, the performance ratio in this research is high as compared to the research study (Navothna and Thotakura, 2022), and the power generation (kWh/kWp) is 1548.2. The maximum monthly energy production is 1,708.2 kWh, the maximum global horizontal irradiance (GHI) is 204.4 kWh/m2, and the maximum plane of array irradiance (POA) is 206.3 kWh/m2 in May. Soiling losses due to the accumulation of dust influence the performance of the PV system. The simulation results show that when the soiling losses are 2%, the annual energy generation of the photovoltaic system is 15.79 MWh, and the performance ratio is 88.1%. The annual energy generation and performance ratio of the PV system declines as the percentage of soiling losses increases. The annual energy generation and performance ratio of the PV system declines as the percentage of soiling losses increases. The performance of photovoltaic modules is most significantly impacted by temperature. At normal operating temperature 25°C and 1000 W/m2 irradiance level, the output power of the PV module is 510.3 W, and at 50°C operating temperature and 100 W/m2 irradiance level, the power output of the PV module is 43.6 W.
For 4 months, Figure 15 displays the impact of PM10 and PM2.5 concentrations on the rate of reduction of photovoltaic energy generation. The findings reveal that the amount of photovoltaic energy generation decreases with the deterioration of air quality. The reduction rate of photovoltaic energy generation due to PM10 and PM2.5 is higher in the dusty photovoltaic energy generation system than in the cleaned photovoltaic energy generation system. In May, the average power produced by the cleaned PV system is 7451.85 W and the average power produced by the dusty PV system is 6893.8 W. In June, the average power produced by the cleaned PV system is 7430.91 W and the average power produced by the dusty PV system is 6885.3 W. In December, the average power produced by the cleaned PV system is 6892.06 W and the average power produced by the dusty PV system is 6155.6 W. In January, the average power produced by the cleaned PV system is 6892.06 W and the average power produced by the dusty PV system is 6155.6 W. It was found that when the level of suspended particulate matter (PM10 and PM2.5) increases, the energy generation of the dusty PV system is reduced by 7.48% in May, 7.342% in June, 10.68% in December, and 8.03% in January under bad air quality, 439.177 μg/m3 and 535.76 μg/m3 in the summer and winter seasons, respectively, as compared to the photovoltaic energy generation systems that are regularly cleaned.
[image: Figure 15]FIGURE 15 | PM concentration impact on photovoltaic energy generation.
Based on the aforementioned results, it can be predicated that a large amount of suspended particulate matter (PM10 and PM2.5) reduces the energy generation of the photovoltaic system. It is important to note that these high levels of particulate matter (PM10 and PM2.5) are damaging to photovoltaic generation because the higher the concentration of PM10 and PM2.5, the greater the adverse impact on photovoltaic power generation. The limitations of this study are that it investigated the impact of suspended particulate matter on the performance of the photovoltaic energy generation system. These suspended particulate matters (PM2.5 and PM10) are produced during the stone crushing process. Based on a comparative analysis of the proposed research study and previous research studies on the effects of dust on photovoltaic systems, Guan et al. (2017) performed a similar study for 8 days only, Hachicha et al. (2019) performed laboratory tests, and Al-Badra et al. (2020) performed a similar study for 6 weeks, proposed a research which provides good result because this research is performed in all seasons of the year, and investigated all environmental impacts produced due to the change in weather.
5 CONCLUSION
Many environmental factors influence photovoltaic energy system production, and particulate matter (PM10 and PM2.5) can be one of the main causes of the reduction of photovoltaic energy. Particulate matter (PM10 and PM2.5) is a mixture of different pollutants and varies significantly depending on site location and time. This study aims to investigate the process of particulate matter (PM10 and PM2.5) accumulation on the photovoltaic system installed near the stone crushing zone in the Sargodha region, one of the most polluted crushing zones in Pakistan. The four sampling stations were selected for sampling during the summer and winter seasons. December and January were selected for the winter season and May and June for the summer season because the weather conditions of the crushing area change throughout the year. Glass–fiber filter papers are used as a collection medium for particulate matter in a high-volume sampler. A three-day experiment was performed at four sampling sites, and then the average of these values was calculated to estimate the exact PM concentration. In this way, experimental values for 12 days were calculated for each season. After compiling the experimental results, all parameters were analyzed according to the National Ambient Air Quality Standard (NAAQS) methods prescribed by the Environmental Protection Agency (EPA), Pakistan. In the winter season, the calculated PM concentration at site station 1 is 520.236 μg/m3, at site station 2 is 525.76 μg/m3, at site station 3 is 316.087 μg/m3, and at site station 4 is 182.34 μg/m3. In the summer season, the calculated PM concentration at site station 1 is 416.049 μg/m3, at site station 2 is 439.177 μg/m3, at site station 3 is 228.98 μg/m3, and at site station 4 is 155.45 μg/m3.
For the photovoltaic system performance analysis, two PV systems installed at the site have higher PM concentrations, where one system is cleaned on a regular basis while the other is not cleaned at all and remains dusty. The HelioScope simulation model of the photovoltaic power generation is developed by taking different parameters under consideration like the architectural design of the building, photovoltaic power system specifications, and shading conditions. Simulation results show that the annual energy generation is 15.79 MWh and the performance ratio (PR) is 88.1%; the performance ratio in this research is high as compared to that of the research study (Navothna and Thotakura, 2022). The power generation (kWh/kWp) is 1548.2, the maximum produced power is 1,708.2 kWh in May, and the minimum produced power is 841.1 kWh in December. The global horizontal irradiance (GHI) of the site is 204.4 kWh/m2 in May and 79.7 kWh/m2 in December. The plane of array irradiance (POA) of the site is 206.3 kWh/m2 in May and 99.7 kWh/m2 in February. Major losses of PV systems are also calculated using simulation software. The temperature losses are 6.2%, irradiance losses are 0.4%, mismatch losses are 4.0%, soiling losses are 2.0%, electrical wiring losses are 0.3%, reflection losses are 3.2%, clipping losses are 0.0%, shading losses are 0.4%, inverter losses are 3.0%, and AC system losses are 0.5%. The losses in this research are lower than losses in the research study (Navothna and Thotakura, 2022). The annual energy generation and performance ratio of the PV system decline as the percentage of soiling losses and temperature of the site increases.
The data of both PV systems are measured and compared for 4 months (2 months for the summer season and 2 months for the winter season). The average power produced by the cleaned PV system is 7451.85, 7430.91, 6892.06, and 6892.06 W, and the average power produced by the dusty PV system is 6893.8, 6885.3, 6155.6, and 6155.6 W May, June, December, and January, respectively. It was found that when the level of suspended particulate matter (PM10 and PM2.5) increases, the energy generation of the dusty PV system is reduced by 7.48% in May, 7.342% in June, 10.68% in December, and 8.03% in January under bad air quality, 439.177 μg/m3 and 535.76 μg/m3 in the summer and winter seasons, respectively, as compared to the photovoltaic energy generation system that is regularly cleaned. Based on the obtained results, it is recommended that the negative impact of PM on the performance of the PV system should be considered carefully during the decision-making process of setting solar energy generation targets in the regions with a high level of particulate matter.
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